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Abstract. The coccolithophore Emiliania huxleyi is a ma-
rine phytoplankton species capable of forming small cal-
cium carbonate scales (coccoliths) which cover the organic
part of the cell. Calciﬁcation rates of E. huxleyi are known
to be sensitive to changes in seawater carbonate chemistry.
It has, however, not yet been clearly determined how these
changes are reﬂected in size and weight of individual coccol-
iths and which speciﬁc parameter(s) of the carbonate system
drive morphological modiﬁcations. Here, we compare data
on coccolith size, weight, and malformation from a set of
ﬁve experiments with a large diversity of carbonate chem-
istry conditions. This diversity allows distinguishing the in-
ﬂuence of individual carbonate chemistry parameters such
as carbon dioxide (CO2), bicarbonate (HCO−
3 ), carbonate
ion (CO2−
3 ), and protons (H+) on the measured parameters.
Measurements of ﬁne-scale morphological structures reveal
an increase of coccolith malformation with decreasing pH
suggesting that H+ is the major factor causing malforma-
tions. Coccolith distal shield area varies from about 5 to
11µm2. Changes in size seem to be mainly induced by vary-
ing [HCO−
3 ] and [H+] although inﬂuence of [CO2−
3 ] cannot
be entirely ruled out. Changes in coccolith weight were pro-
portional to changes in size. Increasing CaCO3 production
rates are reﬂected in an increase in coccolith weight and an
increase of the number of coccoliths formed per unit time.
The combined investigation of morphological features and
coccolith production rates presented in this study may help
to interpret data derived from sediment cores, where coccol-
ith morphology is used to reconstruct calciﬁcation rates in
the water column.
1 Introduction
Coccolithophores are unicellular photoautotrophic organ-
isms, able to form blooms in all major ocean basins (Moore
et al., 2012). Their unique feature is the intracellular forma-
tion of small scales (coccoliths) made of calcium carbon-
ate (CaCO3) covering the organic surface of the cell. Coc-
colithophores appeared for the ﬁrst time about 220 million
years ago in the fossil record and are found ever since in
marine sediments although their abundance was highly vari-
able (Bown et al., 2004). They are important components in
the marine carbon cycle because the CaCO3 in their coccol-
iths serves as ballasting material accelerating the organic car-
bon ﬂux from the surface into the deep ocean (e.g. Honjo,
1976; Ploug et al., 2008). In modern oceans, Emiliania hux-
leyi is the most abundant species (Paasche, 2002). It evolved
from Gephyrocapsa spec. about 291–270kyr ago and domi-
natesthecoccolithophorecommunityforthelast∼82–63kyr
(Thierstein et al., 1977; Rafﬁ et al., 2006). E. huxleyi fre-
quently forms large blooms that can cover up to a million
km2 and can be seen from space (Holligan et al., 1993;
Tyrell and Young, 2009). These blooms are typically found
in stratiﬁed waters during later stages of the phytoplankton
spring succession (Tyrell and Merico, 2004), although, re-
cently, high E. huxleyi abundance has also been reported in
turbulent regimes when cell numbers are integrated over the
whole water column (Schiebel et al., 2011).
The invasion of anthropogenic CO2 into the ocean cur-
rently changes the marine carbonate chemistry by increas-
ing [CO2] and decreasing seawater pH – a process known
as ocean acidiﬁcation (Raven et al., 2005). Although these
changes in carbonate chemistry are known to inﬂuence
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calciﬁcation rates of E. huxleyi (Riebesell and Tortell, 2011),
it is still not understood how changing calciﬁcation rates are
reﬂected in coccolith size, weight, and exocytosis rate (i.e.
the number of coccoliths formed and egested per day). Such
knowledgeis,however,urgentlyneededforcaseswheremor-
phometricdataoriginating,forexample,fromsedimentcores
is used to reconstruct calciﬁcation rates within the water col-
umn. The inﬂuence of changing carbonate chemistry on the
appearance of coccolith malformations in E. huxleyi is bet-
ter understood (Langer et al., 2010, 2011) but key questions
such as, for example, which carbonate chemistry parameter
is actually causing malformations are still unknown.
The study presented here aims to improve our understand-
ing on the following three research questions. (1) Does mor-
phology (size and weight) of E. huxleyi (strain PML B92/11)
coccoliths change in response to changing carbonate chem-
istry conditions? (2) Are potential changes in morphology
reﬂected in calcium carbonate production rates? (3) Which
particular carbonate chemistry parameter(s) drive potential
changes in E. huxleyi coccolith morphology? In order to ad-
dress these questions, we evaluated samples for E. huxleyi
coccolith size, weight and malformation from ﬁve culture ex-
periments with a large diversity of carbonate chemistry con-
ditions. This diversity allowed us to disentangle the carbon-
ate system and assess which of the carbonate system param-
eters that can directly inﬂuence the cell physiology (i.e. CO2,
HCO−
3 , CO2−
3 and H+) are responsible for possible changes
in the morphology of coccoliths formed by E. huxleyi.
2 Material and methods
2.1 Basic experimental settings
Five experiments were conducted with monospeciﬁc cultures
of the coccolithophore Emiliania huxleyi strain PML B92/11
(morphotype A), isolated in 1992 at the ﬁeld station of the
University of Bergen (Raunefjorden; 60◦180 N, 05◦150 E). At
this site, E. huxleyi usually blooms during late spring at typ-
ical surface water temperatures between 10–12 ◦C (compare
Schulz et al., 2008). All experiments are generally similar in
their design. Differences between them are exclusively man-
ifested in the carbonate chemistry parameters of the culture
medium (see Sect. 2.2).
All experiments were conducted with dilute
batch cultures (LaRoche et al., 2010) at 15 ◦C and
150µmolphotonsm−2 s−1 incident photon ﬂux density
in a 16/8 light/dark cycle. The growth medium was artiﬁcial
seawater, prepared as described in Kester et al. (1967) but
without the addition of NaHCO3. The artiﬁcial seawater
medium (free of dissolved inorganic carbon (DIC) and total
alkalinity (TA)) was enriched with ∼64µmolkg−1 nitrate,
4µmolkg−1 phosphate, f/8 concentrations for trace metals
and vitamins (Guillard and Ryther, 1962), 2mlkg−1 of
natural North Sea water and 10nmolkg−1 of SeO2 to avoid
nutrient limitation in the course of the experiments. Samples
for nitrate and phosphate were 0.7µm ﬁltered at the begin-
ning and the end of the experiments and measured according
to Hansen and Koroleff (1999). The nutrient-enriched
medium was sterile-ﬁltered (0.2µm) into sterile polycar-
bonate bottles where the carbonate system was adjusted
(see following section). Samples for carbonate chemistry
measurements (∼500ml) were taken from these bottles after
adjustment. The remaining medium was gently transferred
into sterile 2l polycarbonate bottles. The headspace in the
2l bottles was kept below 5ml. The culture medium was
acclimated to 15 ◦C overnight to avoid a thermal shock
when transferring the cells from the pre-cultures to bottles
in which the main experiments were performed. Cells were
acclimated to the carbonate chemistry conditions of the main
experiment for at least 7 generations prior to inoculation.
2.2 Carbonate chemistry manipulations
The experiments only differed with respect to the car-
bonate chemistry manipulation of the culture medium. In
the ﬁrst experiment, cells were cultured at constant total
alkalinity (2320±22µmolkg−1) and varying fCO2 lev-
els, ranging from ∼20 to ∼5960µatm. Here, DIC and
TA levels were adjusted by adding calculated amounts
of Na2CO3 and hydrochloric acid (3.571moll−1, certiﬁed
by Merck) (Gattuso et al., 2010). In the second, third
and fourth experiment, pH was kept constant at pHf (free
scale) 7.74 (±0.004), 8 (±0.01), and 8.34 (±0.008), while
fCO2 was increased from ∼100 to ∼3600, from ∼40
to 3650, and from ∼21 to ∼1163µatm, respectively. Car-
bonate chemistry in the constant pH approaches was ad-
justed by adding 2mmolkg−1 of 2-[-4-(2-Hydroxyethyl)-
1-piperazinyl]-ethanesulfonic acid (HEPES) to the culture
medium, which was adjusted to the target pHf levels. DIC
was added as NaHCO3. The small change in pH in the
HEPES buffered seawater medium due to NaHCO3 addi-
tion was compensated by adding small amounts of strong
NaOH or HCl. In the ﬁfth experiment, fCO2 was kept
constant (430±47µatm), while DIC ranged from ∼500 to
4100µmolkg−1. DIC and fCO2 were adjusted by adding
calculated amounts of Na2CO3 and hydrochloric acid (Gat-
tuso et al., 2010). For an overview of carbonate chemistry
conditions in all treatments, see Fig. 1 and Table 1. Note that
each culture bottle is considered as an individual treatment
in our data analysis and the errors given in Fig. 1 and Table 1
denote the change in carbonate chemistry speciation within
the culture bottle from the beginning to the end of the exper-
iment.
2.3 Carbonate chemistry sampling and measurements
Samples for TA measurements were ﬁltered (0.7µm), poi-
soned with a saturated HgCl2 solution (0.5‰ ﬁnal con-
centration) and stored at 4 ◦C until measurements. TA was
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Figure 1. Morphological quantities measured by SEM. (A) Measured size attributes, distal 
shield area (DSA), distal shield length (DSL), distal shield width (DSW), central area length 
(CAL), central area width (CAW), and outer shield length (OSL). (B) Measurements for 
calculation of malformation index, proximal distance between two adjacent slits (pl), length 
of slit (sl), and distal distance between two adjacent slits (dl). pl, sl, and dl were measured for 
each slit of the investigated coccolith and then processed with eq. 8. (C) Examples of 
coccoliths with corresponding malformation calculated from eq. 8. The arrow indicates 
increasing malformation. 
 
Fig. 1. Morphological quantities measured by SEM. (A) Measured
size attributes, distal shield area (DSA), distal shield length (DSL),
distal shield width (DSW), central area length (CAL), central area
width (CAW), and outer shield length (OSL). (B) Measurements for
calculation of malformation index, proximal distance between two
adjacent slits (pl), length of slit (sl), and distal distance between two
adjacent slits (dl). pl, sl, and dl were measured for each slit of the
investigated coccolith and then processed with Eq. (8). (C) Exam-
ples of coccoliths with corresponding malformation calculated from
Eq. (8). The arrow indicates increasing malformation.
measured in duplicate applying a two-stage potentiometric
open cell titration (Dickson et al., 2003) and corrected with
certiﬁedreferencematerial(A.Dickson,LaJolla,CA).Some
TA samples of the constant CO2 experiment were higher than
∼4700µmolkg−1 and had to be diluted in order to get reli-
able results. Therefore, these TA samples were mixed with
double de-ionised water, containing no alkalinity. The ra-
tio of double de-ionised water relative to the TA sample
was determined on a balance (Sartorius) with a precision of
±0.01g.
Samples for DIC were sterile ﬁltered (0.2µm) with gentle
pressure and stored bubble-free at 4 ◦C in 4ml borosilicate
bottles. All DIC samples were measured according to Stoll
et al. (2001). In most treatments of the constant pH experi-
ments, DIC was either too high or too low to be measured
according to Stoll et al. (2001). To solve this problem, sam-
ple medium was mixed with artiﬁcial seawater of known DIC
concentration. The ratio of the mixing solvent to the origi-
nal DIC sample was determined by ﬁrst weighing the mixing
solvent alone, and in a second step by weighing the mixing
solvent plus the original DIC sample on a balance with a pre-
cision of ±0.01mg (Sartorius). The mixture was carefully
rotated in a 50ml tube with ∼1ml headspace. The ratio of
sample to mixing solvent was adjusted to result in a ﬁnal DIC
concentration of approximately 1800–2200µmolkg−1. After
the mixing procedure, DIC samples were processed identical
to undiluted samples (see above).
Samples for pHf were measured potentiometrically
at 15 ◦C with separate glass and reference electrodes
(Metrohm) which were calibrated with reference material
certiﬁed for TA and DIC with a salinity of 33.3 (A. Dickson,
La Jolla, CA). pHf of the reference material was calculated
from certiﬁed TA and DIC applying the constants of Roy et
al. (1993). Measured electromotive force (E) of the samples
and standards were used to calculate the pHf of the sample
as
pHf=pHf ref +
Es−Ex
R ×T × ln10
F
, (1)
where pHf ref is the calculated pHf of the certiﬁed reference
material, T is the temperature of the sample in Kelvin, R
is the universal gas constant, F the Farady constant and Es
and Ex are the measured electromotive forces in volts of the
standard and the sample, respectively, (Dickson et al., 2007).
2.4 DIC estimations
Unfortunately, we lost all DIC measurements of the constant
TA experiment and the DIC measurements from the begin-
ning of constant pHf 8 experiment due to storage problems.
The estimation of DIC of these samples is shown in detail
in Bach et al. (2011) and shall be outlined only brieﬂy in
the following. DIC concentrations from the beginning of the
constant pHf 8 experiment were estimated by adding the total
particulate carbon build-up, which was produced during the
experiment, to the ﬁnal DIC concentrations. Initial DIC con-
centrations from the constant TA experiment were calculated
as
DIC=
TAmeasured +(Volumeacid ×3.571)
2
, (2)
where TAmeasured is the measured TA in µmolkg−1 at the be-
ginning of the experiment, Volumeacid is the volume of acid
that was added in µlkg−1 and 3.571 is the molarity of the
acid (certiﬁed by Merck) in moll−1. This estimate has an un-
certainty of approximately 40–50µmolkg−1, which is small
compared to the large DIC range in this experiment (Bach
et al., 2011). DIC concentrations at the end of the constant
TA experiment were calculated by subtracting the measured
total particulate carbon build-up from the initial DIC concen-
trations.
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2.5 Carbonate chemistry calculations
Carbonate chemistry conditions within experiments were
calculated from temperature, salinity, inorganic phosphate
concentrations and two measured (or estimated) carbonate
system parameters, applying the equilibrium constants of
Roy et al. (1993) and the program CO2Sys (Lewis and Wal-
lace, 1998). Measured (or estimated) carbonate system pa-
rameters were the following: TA and DIC in the constant TA
experiment; pHf and DIC in the constant pH experiments;
and TA and pHf in the constant CO2 experiment. The biolog-
ical response data are plotted to the mean of initial and ﬁnal
carbonate chemistry conditions.
2.6 Sampling and calculation of coccolith exocytosis
rate
Sampling started two hours after the onset of the light period
and lasted no longer than two and a half hours. Two sam-
ples for particulate organic carbon (POC) and two for total
particulate carbon (TPC) were ﬁltered (200mbar) onto pre-
combusted (5h, 500 ◦C) GF/F ﬁlters and stored in the dark
at −20 ◦C. POC and TPC samples from constant pH exper-
iments were rinsed with artiﬁcial seawater (supersaturated
with respect to calcite) before freezing at −20 ◦C in order
to wash off HEPES buffer which otherwise would have con-
tributed ∼40pg of carbon to every TPC and POC measure-
ment. POC samples were stored for two hours in a desiccator
containing fuming HCl to remove all inorganic carbon and
subsequently dried for ∼6h at 60 ◦C. TPC ﬁlters were dried
in the same way as the POC ﬁlters, but in a separate oven
and without prior acid treatment. Carbon concentrations of
POC and TPC ﬁlters were measured using an isotope ratio
mass spectrometer (Finnigan) combined with an elemental
analyzer (EuroEA, Hekatech GmbH). Particulate inorganic
carbon (PIC) was calculated as the difference between TPC
and POC. Four POC samples from the constant pHf 8 exper-
iment were lost during measurements.
Cell numbers were measured at the beginning and the end
of the experiment with a Coulter Counter (Beckmann). The
growth rate (µ) was calculated from initial and ﬁnal cell
numbers as
µ =
ln(tﬁn)−ln(t0,)
d
(3)
where t0 and tﬁn is the cell number at beginning and the end
of the experiment, respectively, and d is the number of days
the cell culture was growing. PIC production rates were cal-
culated by multiplying µ and PIC cell−1. CaCO3 production
rates were calculated by multiplying PIC production rates (in
µmol C cell−1 d−1) with the molecular weight of CaCO3.
The number of egested coccoliths per day was subsequently
determined as
coccolith exocytosis rate =
CaCO3 production rates
coccolith weight
, (4)
where coccolith weight was measured as described in
Sect. 2.8.
2.7 Scanning electron microscopy (SEM)
From 5–10ml of sample were ﬁltered by gravity on poly-
carbonate ﬁlters (0.2µm pore size). Samples taken from the
constant TA and the constant pHf 8 experiment were dehy-
drated with ethanol and bis(trimethylsilyl)amine solution to
conserve the organic part of the cell, and then subsequently
driedinadesiccator(Bachetal.,2011).Samplesfortheother
three experiments were dried directly after ﬁltration at 60 ◦C.
All samples were kept in the desiccator until they were sput-
tered with gold-palladium and processed with the scanning
electron microscope.
SEM pictures were taken with a CamScan CS 44 scan-
ning electron microscope and evaluated using the software
imageJ. Measured lengths or areas on the pictures were cali-
bratedwiththesizebargivenoneachSEMpicture.Manually
measured parameters on coccoliths were the surface area of
the distal shield (DSA), the length of the distal shield (DSL),
the width of the distal shield (DSW), the length of the central
area (CAL) and the width of the central area (CAW) (com-
pare Fig. 1a). CAL and CAW could not be determined in
cases where the coccolith was lying upside down on the ﬁl-
ter. On average, 82 coccoliths per sample were investigated
for DSA, DSL and DSW and 36 for CAL and CAW. Note
that not all treatments could be investigated with SEM due to
the extremely elaborate manual evaluation. Evaluated treat-
ments are shown in Table 1.
Measured DSA was compared to an estimated value cal-
culated from DSL and DSW as
calculated DSA = π ×
DSL×DSW
4
(5)
assuminganellipticalshapeofthecoccolith.Theoutershield
length (OSL) was calculated as
OSL=
DSL−CAL+DSW−CAW
4
. (6)
2.8 Determination of coccolith weight by birefringence
From 5–10ml of sample were ﬁltered with ∼100mbar on a
cellulose nitrate ﬁlter (0.45µm pore size). Filters were dried
for 2h at 60 ◦C and subsequently embedded with Acriﬁx 192
(Roehm) on microscope slides. Acriﬁx makes cellulose ni-
trate ﬁlters transparent without damaging the coccoliths and
has a refraction index of 1.44, so that it does not interfere
with the optical analysis.
Images of coccoliths were taken with a Leica DM6000B
light microscope equipped with a SPOT Insight b/w cam-
era. Under cross-polarized light only the birefringent calcite
of the coccoliths is illuminated. A total 200 images were
randomly taken per sample and analyzed with the software
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Fig. 2. Carbonate chemistry speciation in relation to DIC. Error bars denote the change in carbonate chemistry from the beginning to the end
of the experiment. Note that error bars are in most cases masked by symbol size. (A) fCO2; (B) HCO−
3 ; (C) CO2−
3 ; (D) pHf. Symbol and
colour coding are shown in panel (B).
SYRACO (Beaufort and Dollfus, 2004). The software iden-
tiﬁes E. huxleyi coccoliths and measures the grey level for
each pixel. Coccolith weight was subsequently calculated
from measured grey level following Beaufort et al. (2008).
On average, ∼500 coccoliths were evaluated for coccolith
weight per sample.
2.9 Calculation of malformation
Coccolith malformation has been deﬁned as “irregular coc-
colith formation as a result of departure from the normal
growth process” and is commonly expressed in reduced sym-
metry or altered shape of individual elements (Young and
Westbroek, 1991). In order to meet the demands given in this
deﬁnition, ﬁne-scale morphological structures of individual
coccoliths were measured and subsequently used in an al-
gorithm to quantify the degree of malformation. The mea-
sured morphological quantities comprised vectors associated
to the openings between distal shield elements (slits). These
measured quantities were the following: (1) the distances be-
tween the distal ends of two adjacent slits (dl); (2) the dis-
tances between the proximal ends of two adjacent slits (pl);
and (3) the length of each slit (sl) (compare Fig. 1b). Incom-
plete coccoliths were not measured.
In general, regular and repetitive structures like the indi-
vidual elements composing a coccolith appear to be mal-
formed in cases where these adjacent structures differ in an
irregular manner. Malformations are therefore characterized
in the evaluation procedure as the degree of asymmetry of
adjacent slits.
The algorithm to calculate the malformation index makes
use of the average deviation. It is deﬁned as
Average deviation=
1
n
n X
i=1
 xi −mean(x)n
 , (7)
where n is the number of all measured elements, xi is a mea-
sured element and mean(x)n is the mean value of all mea-
sured elements. Using the average deviation has the advan-
tage that it is not inﬂuenced by the number of measured ele-
ments. Hence, the malformation index is not sensitive to the
number of distal shield elements of the investigated coccol-
ith. Applying the average deviation, the degree of malforma-
tion is calculated as
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Fig. 3. Morphology of coccoliths. Each data point represents an individual coccolith. (A) Correlation between measured DSA and DSA
calculated from DSL and DSW using Eq. (4). (B) Aspect ratio of distal shield with increasing DSL. (C) Aspect ratio of central area with
increasing CAL. (D) Percentage of OSL that contributes to the total DSL. Symbol size and colour coding is shown in panel (A).
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1
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, (8)
where dl, sl and pl are the measured quantities of the dis-
tal shield elements (see above) and n is the total number of
slits. In this way, higher values calculated from Eq. (8) reﬂect
increased malformation (Fig. 1c). On average, 27 coccoliths
were evaluated per sample with Eq. (8).
3 Results
3.1 Carbonate chemistry
A large diversity of carbonate chemistry conditions was set
up in the ﬁve experiments presented in this study. In each
one of the ﬁve experiments, one particular carbonate sys-
tem parameter was kept constant while all the others changed
with increasing DIC (Fig. 2). In the constant TA experiment,
fCO2 and [HCO−
3 ] increased, while pH and [CO2−
3 ] de-
creased with increasing DIC. The carbonate system manipu-
lation of this experiment is similar to the way seawater car-
bonate chemistry is currently changing due to anthropogenic
CO2 invasion. In the three constant pH experiments, all car-
bonate system parameters except for pHf were increasing lin-
early with increasing DIC. pHf remained constant in all of
these experiments but at different levels. In the constant CO2
experiment, all carbonate system parameters except for CO2
were increasing with DIC.
3.2 General morphological features
Measured and calculated DSA are in excellent agreement
to each other. The slope of the linear regression is close
to one, which shows that DSA can reliably derived from
DSL and DSW (Fig. 3a). The aspect ratio of the coccolith
(i.e. DSL:DSW) gets closer to one with increasing coccol-
ith length, indicating that larger coccoliths are rounder than
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Fig. 4. Malformation of coccoliths calculated with Eq. (8). Error
bars denote the standard deviation from measured mean malforma-
tion of all coccoliths in a treatment.
smaller ones (Fig. 3b). The same trend was found for the
aspect ratio of the central area. The larger the central area
became, the rounder it was (Fig. 3c), which is in good agree-
ment with results obtained by Young and Westbroek (1991).
The relative contribution of OSL to total DSL increased with
increasing DSL (Fig. 3d).
3.3 Malformation
Malformations of coccoliths correlated best to seawater pHf,
indicating a key inﬂuence of H+. Malformations remained
relatively stable above a pHf of about 8, whereas they in-
creased with decreasing pHf in the range from ∼8 down to
7.1 (Fig. 4). CaCO3 production rates did not correlate with
malformations (data not shown), suggesting that the appear-
ance of malformations is not coupled to calciﬁcation rates in
E. huxleyi.
3.4 Coccolith size
Changes in DSA, DSL and DSW in response to varying car-
bonate chemistry conditions were largely identical to each
other. All three parameters increased most pronounced in the
range from low to intermediate [HCO−
3 ] or fCO2, whereas
changes were minor above this threshold in all except the
constant TA experiment where a decreasing trend above
∼1000µatm was observed (Fig. 5a–d; data for DSW not
shown).
The smallest coccoliths were measured at very low HCO−
3
of ∼500µmolkg−1 (Fig. 5; Table 1). These carbonate chem-
istry conditions are unrealistically low and most likely rarely
existed in the natural habitat of E. huxleyi since its appear-
ance about 270ky ago. Hence, sizes determined in these par-
ticular treatments should be considered as physiological po-
tentials rather than realistic representations of naturally oc-
curing E. huxleyi coccolith sizes. Variations in size were mi-
nor within a realistic DIC and fCO2 range of the last 270ky
(i.e. from present conditions down to about 1800µmolkg−1
and 180µatm, respectively). DSA, for example, varied from
about 8 to 9µm2 and showed no clear trend within that range
if all experiments are considered. Note, however, that DSA
increases in the constant TA experiment which simulates
ocean acidiﬁcation, from ∼180 to 650µatm by about 10%
and starts to decrease slightly above this threshold.
CAL and CAW remained largely unaffected by changing
carbonate chemistry except for the very lowest fCO2 lev-
els in the constant TA experiment (below ∼100µatm) where
they showed a decreasing tendency (Fig. 5e and f).
3.5 Coccolith weight and production
The mean weight of coccoliths increased by approximately
100% from lowest to highest CaCO3 production rates (esti-
mated from linear ﬁt). Measured mean weight ranged from
∼1 to 4pg (Fig. 6a), which is in reasonable agreement with
previous estimates of ∼2pg for the same E. huxleyi mor-
photype (Fagerbakke et al., 1994; Young and Ziveri, 2000).
The coccolith exocytosis rate also increased with CaCO3
production by an estimated 100%, similar as for coccolith
weight. Minimum and maximum calculated coccolith exo-
cytosis rates were ∼12 and 45 coccoliths cell−1 d−1, respec-
tively (Fig. 6b). Changes in coccolith weight correlate with
changes in coccolith size (Fig. 6c).
In the three highest DIC treatments of the constant pH 8
experiment, mean coccolith weight was up to 8pg, which
seems unrealistically high. After careful re-evaluation of
SEM samples we occasionally found coccoliths that were as-
sociated with cubic crystals of unknown material. This might
have caused interference with the coccolith weight estima-
tion. Since we could not ﬁnd a concomitant increase in the
CaCO3 content per cell, we expect these values to be the re-
sult of non-biological processes.
4 Discussion
4.1 Comparison of different evaluation methods of mal-
formations
Malformations of coccoliths in response to changing carbon-
ate chemistry conditions have been observed in several coc-
colithophorespecies(e.g.Riebeselletal.,2000;Langeretal.,
2006; M¨ uller et al., 2010). In cases where these these mal-
formations were quantiﬁed, it was done by visual compar-
isons of individual coccoliths and subsequent classiﬁcations
to ﬁxed categories like for example “normal”, “slightly mal-
formed”, “strongly malformed”, and “incomplete” (Langer
et al., 2006, 2011; Kaffes et al., 2010; Bach et al., 2011).
Here, we propose an alternative method to approximate
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Fig. 5. Coccolith size (DSA, DSL, and DSW) as a function of carbonate chemistry speciation. (A), (C), (E) in relation to HCO−
3 . (B), (D),
(F) in relation to fCO2. Symbol size and color coding shown in panel (E). Error bars denote the standard deviation from measured mean
size of all coccoliths in a treatment.
malformations of E. huxleyi, which aims to quantify malfor-
mations by direct measurements of ﬁne-scale morphological
structures (see Sect. 2.9). A direct comparison of both meth-
ods shows that they both lead to similar conclusions. Bach
et al. (2011) have visually evaluated the same samples of the
constant TA and the constant pHf 8 experiment as used in
this study and concluded that malformations are mainly in-
duced by seawater pHf below ∼8. This is largely conﬁrmed
by the results from the evaluation of malformation by Eq. (8)
(Fig. 4), indicating that both methods seem to be equally ap-
propriate to evaluate malformations of E. huxleyi.
The application of these two methods reveals distinct
advantages of each. Visual evaluations can be done “on-
line” during scanning of the sample by electron microscopy,
whereas measurements of morphological structures require a
time-intensive analysis of pictures taken by the microscope
after having scanned the sample. Hence, visual evaluations
facilitate analysis of high number of coccoliths per treatment
and therefore usually lead to an investigation of a more rep-
resentative sample size. Typically, 350 coccoliths per sample
are evaluated by visual evaluations (e.g. Langer et al., 2011)
in contrast to 27 evaluated coccoliths with the new method
presented in our study. Furthermore, visual evaluations are
easy to adapt to all coccolithophore species, whereas quan-
tiﬁcation of malformations by direct measurements of mor-
phological structures can thus far only be applied to com-
plete coccoliths from E. huxleyi morphotype A (including
var. corona), B, C, and O; but it cannot be applied to mor-
photype R since there are usually no slits between two adja-
cent distal shield elements in these morphotypes (for mor-
photype taxonomy see Young et al., 2003; Hagino et al.,
2011). Although adaption of Eq. (8) to other species or mor-
photype R is generally possible, it would require measure-
ments of other ﬁne scale structures than the ones used in
E. huxleyi. The major advantage of the new method is the re-
duction of subjectivity. A direct measurement of morpholog-
ical structures reduces human inﬂuence on the measurement
and makes it easier to compare with results of other studies.
Furthermore, Eq. (8) could be implemented in an evaluation
software which would analyze malformations automatically.
This would be the most efﬁcient and the most reproducible
way to quantify malformations.
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Fig. 6. Coccolith weight, production and size. (A) Correlation be-
tween cellular CaCO3 production rate and mean coccolith weight.
(B) Correlation between cellular CaCO3 production rate and the
number of coccoliths formed per day. (C) Correlation between coc-
colithsizeandweight.Errorbarsdenotethestandarddeviationfrom
measured mean weight or size of all coccoliths of a treatment. Re-
gression line shows a ﬁt through data from all experiments with ﬁt
equation and signiﬁcance given in the ﬁgure. Note that the correla-
tion does not apply equally well for individual experiments.
4.2 Cause of malformations
Malformations of E. huxleyi coccoliths are most likely in-
duced by high concentrations of H+ (Fig. 4). In order to
understand how excess seawater [H+] could interfere with
coccolith formation, it may be helpful to consider the de-
velopment of a coccolith on a cellular basis. The formation
takes place in a Golgi-derived vesicle (coccolith vesicle or
CV) which is closely associated with a labyrinthine mem-
brane system (reticular body). Coccolith formation is initi-
ated inside the CV with the production of an organic base
plate which serves as template (van der Wal et al., 1983;
Westbroek et al., 1984, 1989; Young et al., 1999). Nucle-
ation of calcite occurs subsequently on the rim of the organic
base plate from where the initial crystals start to grow in a ra-
dial direction until coccolith formation is completed (West-
broek et al., 1984, 1989; Young et al., 1992). Crystal growth
is tightly controlled by the cellular machinery. The inner side
of the CV membrane always remains in close contact with
thecoccolithandisactivelyexpandedfromtheoutsidebythe
cytoskeleton located within the cytosol so that the growing
calcite crystals ﬁll the space deﬁned by the expanding vesicle
(Westbroek et al., 1984, 1989; Didymus et al., 1994; Marsh
et al., 1994; Young et al., 2009). Inside the CV, coccolith-
associated polysaccharides (CAPs) bound to the inner side
of the membrane, have a crucial role in controlling CaCO3
precipitation due to their potential to bind Ca2+ (De Jong et
al., 1976) and inhibit precipitation at places where they cover
the calcite (Borman et al., 1982; Henriksen et al., 2004).
Considering the pathway described above, the cytoskele-
tonandCAPsseemtobetwomajorcellularcomponentscon-
trolling the correct growth of calcite crystals within E. hux-
leyi (Young et al., 1999; Langer et al., 2006). Langer et
al. (2010) examined in detail the consequences of a malfunc-
tioning of the cytoskeleton on coccolith formation by apply-
ing chemical inhibitors for microtubules and actin ﬁlaments.
They found an increasing degree of coccolith malformation
the more these cytoskeleton structures and therefore the ac-
tive expansion of the CV was disturbed by these inhibitors.
Possibly, malformations found in our study are also result-
ing from a malfunctioning of the cytoskeleton, in our case
with the chemical driving force being H+. This explanation
seems plausible since H+ is known to easily enter into the
cytosol of E. huxleyi (Suffrian et al., 2011). Here, a change
in [H+] could disturb the correct functioning of cytoskele-
ton elements or the enzymes associated with them so that the
controlled expansion of the CV is handicapped (Langer et al.,
2006).
The second possible option of a negative effect of H+
on crystal growth is a disturbance of CAPs inside the CV
(Langer et al., 2006, 2011). Henriksen and Stipp (2009)
demonstrated that the capability of CAPs to bind onto cal-
cite crystals depends on the ion composition of the solution
in which CAPs are dissolved. A change of the ion compo-
sition inside the CV may therefore disturb controlled crystal
growth. Such a change could be the direct consequence of a
change in [H+] inside the CV in cases where H+ can some-
how enter this compartment. Ion composition inside the CV
could, however, also indirectly be altered by changing [H+]
in the cytosol, assuming that H+ gradients between the cy-
tosol and the CV potentially drive numerous transport pro-
cesses of major ions such as Ca2+ or Mg2+ (Langer et al.,
2006; Mackinder et al., 2010, 2011).
Biogeosciences, 9, 3449–3463, 2012 www.biogeosciences.net/9/3449/2012/L. T. Bach et al.: Inﬂuence of changing carbonate chemistry on coccoliths formed by E. huxleyi 3459
The prominent inﬂuence of [H+] on malformations ob-
served in the investigated E. huxleyi strain raises the ques-
tion whether this particular carbonate chemistry parameter is
also responsible for observed malformations in other coccol-
ithophore species and E. huxleyi strains. Langer and Bode
(2011) examined coccolith malformation of Calcidiscus lep-
toporus in response to various carbonate system parameters.
In contrast to our ﬁndings, they identiﬁed CO2 as the key car-
bonate chemistry parameter causing malformations, which
suggests that the control mechanisms of coccolith formation
are affected by different carbonate system parameters on a
species level. A comparison on the strain level is not possi-
ble because there is no such data on different strains of the
same species available so far. The only information available
at the moment is that the carbonate chemistry conditions at
which malformations start to appear differ between different
strains of E. huxleyi (Langer et al., 2011). Clearly, this does
not mean that the key carbonate chemistry parameter causing
malformations differs between E. huxleyi strains but it shows
that sensitivities to changes in carbonate chemistry do.
4.3 Inﬂuence of individual carbonate chemistry param-
eters on coccolith size
There is experimental evidence that HCO−
3 is the principal
inorganic carbon source utilised for calciﬁcation (Sikes et
al., 1980; Buitenhuis et al., 1999). The dependence of cal-
ciﬁcation on HCO−
3 seems to be reﬂected in DSA, DSL,
and DSW which increased comparably in all experiments
from low to high [HCO−
3 ] up to ∼2000µmol HCO−
3 kg−1.
The close correlation to [HCO−
3 ] makes this ion a key can-
didate responsible for at least some of the pronounced in-
crease in DSA, DSL, and DSW observed within that range
(Fig. 5a–d; data for DSW not shown). Next to HCO−
3 , H+
is another factor with potential inﬂuence. H+ might be par-
ticularly important in the high fCO2 range of the constant
TA experiment. Here, the observed decrease in size cannot
be explained by [HCO−
3 ] since the concentration of this ion
is still increasing whereas DSA, DSL, and DSW are already
decreasing (Fig. 5d). A potential negative effect of very high
[H+] seems possible since H+ has already been shown to
be detrimental to calciﬁcation rates above certain thresholds
(Bach et al., 2011). In contrast to HCO−
3 and H+, the in-
ﬂuence of CO2 is of minor importance (Fig. 5a–d; data for
DSW not shown). DSA, DSL, and DSW clearly decreased in
the constant CO2 experiment. If CO2 was of primary impor-
tance in determining these morphological parameters, then
DSA, DSL, and DSW would have remained constant in the
constant CO2 experiment. The fourth parameter with possi-
ble inﬂuence is CO2−
3 . CO2−
3 is of high importance for the
dissolution of calcite due to its inﬂuence on the calcium car-
bonate saturation state of seawater. Whether it is of direct
physiological inﬂuence on coccolith formation is more dif-
ﬁcult to assess because relatively little is known about the
possibilities of cells to transport CO2−
3 across membranes.
Such transporters have so far not been identiﬁed (Mackinder
et al., 2010). In our study, a differentiation between HCO−
3
and CO2−
3 is only possible in the constant TA experiment be-
cause they positively correlate in all others (Fig. 1). In the
constant TA experiment, DSA, DSL and DSW correlate with
[HCO−
3 ] and not [CO2−
3 ] in the low fCO2 range. This indi-
cates that increasing [CO2−
3 ] is not likely to be responsible
for increasing DSA, DSL and DSW.
CAL and CAW displayed no clear change in response to
changing carbonate chemistry except for the very low fCO2
range in the constant TA experiment where they tended to
decrease (Fig. 5f, data for CAW not shown). As discussed in
Sect. 4.2, coccolith formation starts with the construction of
anorganicbaseplateonwhichcalcitecrystalsstarttogrowin
a radial direction. The dimensions of the central area of the
coccolith largely reﬂect the dimensions of the organic base
plate (Westbroek et al., 1984; Young, 1994). Hence, if the di-
mensions of the central area are affected to a lesser extent by
changing carbonate chemistry, so are the dimensions of the
organic base plate. Accordingly, we hypothesize that chang-
ing carbonate chemistry primarily inﬂuences crystal growth
and not so much formation and size of the organic base plate.
4.4 Correlation between calciﬁcation rates and
coccolith weight
Changes in cellular calciﬁcation rates can be expressed in
three different ways: (1) a change in coccolith weight at con-
stant coccolith exocytosis rate, (2) a change in coccolith exo-
cytosis rate at constant coccolith weight, and (3) a simultane-
ous change in coccolith weight and exocytosis rate. Results
presented in Fig. 6a and b support the third option, indicat-
ing that a correlation between calciﬁcation rates and coccol-
ith weight exists in the investigated E. huxleyi strain. This
suggests that measurements of coccolith weight could po-
tentially be useful to reconstruct calciﬁcation rates. Never-
theless, this correlation bears uncertainties which should be
considered before extrapolating these results to the ﬁeld.
There is the high genetic variability between different coc-
colithophore species and even strains of the same species
(e.g. Brand, 1982; Young and Westbroek, 1991; Iglesias-
Rodriguez et al., 2006). It has been demonstrated that this
variability translates to species- and strain-speciﬁc sensitiv-
ities of calciﬁcation rates to simulated ocean acidiﬁcation
(Langer et al., 2006, 2009). Genetically based differences
in sensitivities to changes in carbonate chemistry could also
be reﬂected in strain- and species-speciﬁc coupling between
CaCO3 production and coccolith weight. On the other hand,
differences in sensitivities within a certain fCO2 range do
not necessarily result in a fundamentally different response
when a broad fCO2 range, at which the strain is able to cal-
cify, is considered. It has been proposed that the general re-
sponse of presumably all E. huxleyi strains to a broad fCO2
range is similar (resembling an optimum curve), even though
there are strain-speciﬁc differences within distinct parts of
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the whole optimum curve (Bach et al., 2011). Therefore, it
could be possible that the positive physiological correlation
between CaCO3 production rates and coccolith weight, that
has been found for the investigated E. huxleyi strain, also
emerges in other strains and potentially even in other coc-
colithophore species, at least when a relatively wide range of
carbonate chemistry conditions is considered.
Another factor to consider is the driving force that causes
changes in CaCO3 production rates and coccolith weight.
Aside from carbonate chemistry, temperature can inﬂuence
CaCO3 production. A temperature rise from 10 to 20 ◦C in-
creases CaCO3 production rates in E. huxleyi by more than
40% under ambient carbonate chemistry conditions (Langer
et al., 2007), whereas it inﬂuences coccolith size (and there-
fore most likely also coccolith weight) only marginally
(Watabe and Wilbur, 1966; Fielding et al,. 2009). Under this
consideration it seems possible that the physiological cou-
pling between CaCO3 production and coccolith weight is not
universal but rather speciﬁc for changes induced by the car-
bonate chemistry conditions.
Furthermore, it is important to keep in mind that the corre-
lation between coccolith weight and CaCO3 production rates
given in Fig. 6a is derived from monoclonal culture experi-
ments which exclude ecological processes. This is a limita-
tion of the correlation because, in a natural E. huxleyi assem-
blage, changing carbonate chemistry could not only directly
affect the cell physiology but also induce a shift in the domi-
nant strain. A strain shift in a natural assemblage can change
both mean calciﬁcation rate and mean coccolith weight, but
these two factors do not necessarily have to be correlated to
each other as implied in Fig. 6a. The unknown role of ecolog-
ical processes should therefore clearly be considered before
using the correlation between calciﬁcation rates and coccol-
ith weight to interpret ﬁeld data.
4.5 Environmental control of coccolith size and weight
There are two different mechanisms how an environmental
change in the habitat of an E. huxleyi assemblage can induce
a change of mean coccolith size and/or weight:
1. The changing environmental factor (e.g. temperature)
induces a dominance shift in the assemblage towards
an E. huxleyi strain or morphotype which forms coc-
coliths of different size and weight than the one domi-
nant initially. Here, the inﬂuence is indirect and in the
following termed “ecologically” driven change in coc-
colith size and/or weight. Morphotype-speciﬁc size and
weight variations range from 2.5–5µm and 0.6–4.6pg,
respectively (Young and Ziveri, 2000). Coccoliths of
morphotye R or over-calciﬁed coccoliths of morpho-
type A are usually relatively heavy, whereas the delicate
coccoliths of morphotype B (pujosiae) are particularly
large (Young and Ziveri, 2000; Young et al., 2003).
2. A change in some environmental factor directly af-
fects the physiology of the dominant E. huxleyi strain
or morphotype present in the assemblage, thereby di-
rectly causing a change in mean size and weight (in
the following termed “physiologically” driven change
in coccolith size and/or weight). Environmental factors
known to modify size and/or weight are salinity (Green
et al., 1998; Bollmann and Herrle, 2007; Fielding et
al., 2009), temperature (Watabe and Wilbur, 1966), nu-
trient availability (Batvik et al., 1997; Paasche, 1998),
growth stage (Young and Westbroek, 1991), seasonality
(Triantaphyllou et al., 2010) and carbonate chemistry
(Iglesias-Rodriguez et al., 2008; Halloran et al., 2008;
Beaufort et al., 2011; this study). In the following we
discuss the potential of some of these environmental
factors (salinity, temperature and carbonate chemistry)
to induce either ecologically or physiologically driven
change in coccolith size and/or weight of E. huxleyi.
Increasing salinity was shown to positively inﬂuence the size
of E. huxleyi coccoliths (e.g. Green et al., 1998). Fielding
et al. (2009) reported a 30% increase in DSW in a salinity
gradient ranging from 26 to 41 under constant culture condi-
tions, indicating that salinity has a relatively high physiolog-
ical inﬂuence on coccolith size. However, whether changing
salinity also has the potential to cause a shift in the dominant
morphotype in a natural E. huxleyi assemblage is unknown.
An ecological inﬂuence seems conceivable in coastal envi-
ronments with comparatively large salinity variations, while
itislesslikelyinthemorestableconditionsfoundintheopen
ocean.
Temperature seems to have a small physiological inﬂuence
on E. huxleyi coccolith size. Watabe and Wilbur (1966) ob-
served no change in DSL from 7 to 18 ◦C and only a mi-
nor decrease of about 10% from 18 to 27 ◦C. This is largely
in line with results by Fielding et al. (2009) who found no
detectable inﬂuence between 10 and 20 ◦C. In contrast to
that,theecologicalinﬂuenceoftemperatureoncoccolithsize
couldbeconsiderablylarger.Itislikelythatcoccolithophores
are adapted to the mean temperature of their natural habitat
(Buitenhuis et al., 2008). In case the mean temperature in
a given area changes, another strain or morphotype (poten-
tially having a different coccolith size and/or weight) could
take over. A possible example where this might have been
observed is given by Triantaphyllou et al. (2010) who in-
vestigated changes in E. huxleyi coccolith size in a seasonal
cycle in the Aegean Sea (Eastern Mediterranean Sea). They
reported a shift towards larger coccoliths during cooler win-
ter/spring periods with one possible explanation being the
dominance of another E. huxleyi strain during that time of
the year.
The results presented in our study demonstrate a neg-
ligible physiological inﬂuence of carbonate chemistry on
E. huxleyi coccolith size and weight within a realistic range
(DIC ∼1800–2400 and fCO2 ∼ 180–1000 (Sarmiento and
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Gruber, 2006)). However, there seems to be a high poten-
tial of changing carbonate chemistry to cause ecologically
driven change in coccolith size and/or weight. In a recent in-
vestigation, Beaufort et al. (2011) concluded that carbonate
chemistry conditions regulate the relative abundance of dif-
ferentspeciesandmorphotypesintheoceansandthatspecies
and morphotypes which form heavier coccoliths are predom-
inantly found at sites with supposedly more favourable car-
bonatechemistryconditions.Accordingtotheinterpretations
by Beaufort et al. (2011), the carbonate chemistry has a par-
ticularly large ecological inﬂuence on coccolith weight.
Currently, the physiological inﬂuence of the environmen-
tal factors mentioned above is understood better than the eco-
logical inﬂuence. This is probably due to the fact that physi-
ological experiments are in most cases easier to perform and
easier to evaluate than ecological data sets. However, in or-
der to improve our understanding of what drives changes in
coccolith size and weight in the oceans, it is essential to focus
particularly on the ecological component since this seems to
be of larger inﬂuence.
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